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Abstract

Yttrium-containing SAM1651 (Fess.0Cris0Mo014.0B6.0Cis50Y20), has a critical cooling rate
(CCR) of approximately 80 Kelvin per second, while SAM2XS
(Fes9.7Cr177Mn; 9Mo7.4W 1 6B152C3 8S12.4) with no yttrium has a higher critical cooling rate
of approximately 600 Kelvin per second. SAM1651°s low CCR enables it to be rendered
as a completely amorphous material in practical materials processes. Chromium (Cr),
molybdenum (Mo) and tungsten (W) provide corrosion resistance; boron (B) enables
glass formation; and rare earths such as yttrium (Y) lower critical cooling rate (CCR).
The passive film stability of these Fe-based amorphous metal formulations have been
found to be superior to that of conventional stainless steels, and comparable to that of Ni-
based alloys, based on electrochemical measurements of the passive film breakdown
potential and general corrosion rates.

Introduction

The outstanding corrosion possible with amorphous metals has been recognized for many
years [1-3]. A number of other iron-based amorphous metals have been published,
including several with very good corrosion resistance. Examples include: thermally
sprayed coatings of Fe-10Cr-10-Mo-(C,B) which were explored as early as 1996 by
Kishitake et al. [4]; bulk Fe-Cr-Mo-C-B [5]; and Fe-Cr-Mo-C-B-P [6]. These authors
have corroborated the outstanding corrosion resistance of the amorphous Fe-Cr-Mo-C-B-
P alloys [5]. Nickel-based amorphous metals have also been developed which exhibit
exceptional corrosion performance in acids [7].

Several Fe-based amorphous metal formulations have been found that appear to have
very good corrosion resistance, based on measurements of the passive film breakdown
potential, the corrosion rate and performance during salt fog testing [8-10]. These



formulations use chromium (Cr), molybdenum (Mo), and tungsten (W) to provide
corrosion resistance, boron (B) to enable glass formation, and yttrium to lower the critical
cooling rate (CRR). SAMI1651 (Fess0Cri50M0140B6.0Cis0Y20), has very low critical
cooling rate of approximately 80 Kelvin per second, due to the addition of yttrium. The
SAM1651 formulation has a similar elemental composition as the Y-containing Fe-based
amorphous metal formulation discussed in the literature [11-13]. These rare-earth
containing materials have been selected with particular emphasis on glass forming ability,
thermal stability, hardness, and corrosion resistance, all under conditions of interest.

Experimental

Procedures

Melt Spinning Process. Maximum cooling rates of one million Kelvin per second (10°
K/s) have been achieved with melt spinning, and is therefore ideal for producing
amorphous metals over a very broad range of compositions. This process has been used
as methods to synthesize completely amorphous, Fe-based, corrosion-resistant alloys
with near theoretical density, thereby enabling the effects of coating morphology on
corrosion resistance to be separated from the effects of elemental composition. The melt-
spun ribbon (MSR) samples produced with this equipment are several meters long,
several millimeters wide and approximately 150 microns thick. In contrast, the cooling
rate in a typical thermal spray process such as HVOF are on the order of ten thousand
Kelvin per second (10* K/s). The compositional range of materials that can be rendered
as amorphous metals with thermal spray is therefore more restricted.

Thermal Spray Process. The coatings discussed here were made with the high-velocity
oxy-fuel (HVOF) process, which involves a combustion flame, and is characterized by
gas and particle velocities that are three to four times the speed of sound (mach 3 to 4).
This process is ideal for depositing metal and cermet coatings, which have typical bond
strengths of 5,000 to 10,000 pounds per square inch (5-10 ksi), porosities of less than one
percent (< 1%) and extreme hardness.

Energy Dispersive Spectroscopy. Semi-quantitative elemental composition was
determined with Energy Dispersive Spectroscopy (EDS). Microanalysis of each sample
was performed at three randomly-selected locations at 10,000X magnification.
Compositional analysis was performed on the smoother side of each melt-spun ribbon
(MSR), as the rougher sides were found in some cases to be contaminated with small
amounts of copper, presumably from contact with the copper wheel during the melt
spinning process. Values of light elements such as boron and carbon were assumed and
used to calculate the compositional values for the remaining heavier elements, with the
relative ratios of the heavier elements reliably established with EDS.

X-Ray Diffraction. The basic theory for X-ray diffraction (XRD) of amorphous materials
is well developed and has been published in the literature [16-17]. In an amorphous
material, there are broad diffraction peaks. Diffraction was done with CuK, X-rays, a
graphite analyzing crystal, and a Philips vertical goniometer, using the Bragg-Bretano
method. The X-ray optics were self-focusing, and the distance between the X-ray focal
point to the sample position was equal to the distance between the sample position and
the receiving slit for the reflection mode. Thus, the intensity and resolution was




optimized. Parallel vertical slits were added to improve the scattering signal. Step scan is
performed from 20 to 90° (20) with step size of 0.02° at 4 to 10 seconds per point,
depending on the amount of sample. The samples are loaded onto low quartz holders.
This is because the expected intensity is very low and hence background scattering needs
to be minimized.

Thermal Analysis. The thermal properties of these Fe-based amorphous metals have been
determined. Thermal analysis of these Fe-based amorphous metals, with differential
scanning calorimetry (DSC) or differential thermal analysis (DTA), allows determination
of important thermal properties such as the glass transition temperature (Tg),
crystallization temperature (Tx), and the melting point (Ty). Results from the thermal
analysis of amorphous samples provides initial assessment of the glass forming ability of
these materials through conventional metrics, such as the reduced glass transition
temperature (Trg = Tg/TL).

Mechanical Properties. Hardness is an important parameter that has impact on wear
resistance, as well as the resistance to erosion-corrosion. Vickers micro-hardness (HV) is
the standard approach used to assess the hardness of thermal spray coatings. In the case
of thermal spray coatings, a 300-gram load is frequently used, since it is believed that this
load and the affected area are large enough to produce a measurement that is averaged
over any macro-porosity that may be present. Micro-hardness measurements with a 100-
gram load are also valuable, since it is believed that this load and the affected area are
smaller, and therefore capable of sampling bulk material properties.

Cyclic Polarization. Cyclic polarization (CP) measurements have been based on a
procedure similar to ASTM (American Society for Testing and Materials) G 5 standard
with slight modification [18-19]. The ASTM G 5 standard calls for a 1 N H,SO4
electrolyte, whereas synthetic bicarbonate, sulfate-chloride, chloride-nitrate, and
chloride-nitrate solutions, with sodium, potassium and calcium cations, as well as natural
seawater have been used for this investigation. The natural seawater used in these tests
was obtained directly from Half Moon Bay along the northern coast of California.
Furthermore, the ASTM G 5 standard calls for the use of de-aerated solutions, whereas
aerated and de-aerated solutions were used here. All data has been interpreted in a
manner consistent with the published literature [20-21].

Temperature-controlled borosilicate glass (Pyrex) electrochemical cells were used for
cyclic polarization and other similar electrochemical measurements. This cell has three
electrodes, a working electrode (test specimen), the reference electrode, and the counter
electrode. A standard silver silver-chloride electrode, filled with near-saturation
potassium chloride solution, is used as the reference, and communicates with the test
solution via a Luggin probe placed in close proximity to the working electrode, thereby
minimizing Ohmic losses. The electrochemical cell is equipped with a water-cooled
junction to maintain reference electrode at ambient temperature, thereby maintaining
integrity of the potential measurement, and a water-cooled condenser to prevent the loss
of volatile species from the electrolyte.

To assess the sensitivity of these iron-based amorphous metals to devitrification, which
can occur at elevated temperature, melt-spun ribbons of Fe-based amorphous metals were
intentionally devitrified by heat treating them at various temperatures for one hour. After



heat treatment, the samples were evaluated in low temperature seawater (30°C) with
cyclic polarization, to determine the impact of the heat treatment on passive film stability
and corrosion resistance. The temperatures used for the heat treatment were: 150, 300,
800 and 1000°C. Corrosion resistance was maintained below the crystallization
temperature, and lost after prolonged aging at higher temperatures.

Potentiostatic Polarization. Potential step tests have been used to determine the potential
at which the passive film breaks down on the reference material, Alloy C-22, and on the
two amorphous metals of primary interest, SAM1651. During prolonged periods of at a
constant applied potential, which are typically 24 hours in duration, the current is
monitored as a function of time. In cases where passivity is lost, the current increases,
and the test sample is aggressively attacked. In cases where passivity is maintained, the
current decays to a relatively constant asymptotic level, consistent with the known
passive current density. In these tests, periods of polarization are preceded by one hour at
the open circuit corrosion potential. To eliminate the need for surface roughness
corrections in the conversion of measured current and electrode area to current density,
the SAM1651 coatings were polished to a 600-grit finish prior to testing. The constant
potential denoted in the figures was applied after 1 hour at the open circuit corrosion
potential (OCP).

Linear Polarization. The linear polarization method has been used as a method for
determining the corrosion rates of the various amorphous metal coatings. The procedure
used for linear polarization testing consists of the following steps: (1) hold the sample for
ten (10) seconds at the open circuit potential (OCP); (2) beginning at a potential 20 mV
below the OCP (OCP-20 mV), increase the potential linearly at a constant rate of 0.1667
mV per second, to a potential 20 mV above the OCP (OCP+20 mV); (3) record the
current being passed from the counter electrode to the working electrode by the
potentiostat, as a function of potential relative to the standard/silver silver-chloride
(Ag/AgCl) reference electrode; and (4) determine the parameters in the cathodic Tafel
line by performing linear regression on the voltage-current data from 10 mV below the
OCP (OCP — 10 mV) to 10 mV above the OCP (OCP + 10 mV). The slope of this line is
the polarization resistance, Rp (ohms), and is defined in the published literature [22].
While no values for the Tafel parameter (B) of Fe-based amorphous metals have yet been
developed, it is believed that a conservative value of approximately 25 mV is reasonable,
based upon the range of published values for several Fe- and Ni-based alloys [22]. The
corrosion current density is then defined in terms of B, R, and A4, the actual exposed area
of the sample being tested. The corrosion (or penetration) rate of an alloy can be
calculated from the corrosion current density with through application of Faraday’s Law
[23-24].

Salt Fog Testing. Salt fog tests were conducted according to the standard General Motors
(GM) salt fog test, identified as GM9540P. The four reference samples included Type
316L stainless steel, nickel-based Alloy C-22 (N06022), Ti Grade 7, and the 50:50
nickel-chromium binary.




Results

Composition and Structure. The compositions of melt-spun ribbon samples were verified
with Energy Dispersive Spectroscopy (EDS). Figure 1 shows X-ray diffraction data for
melt-spun ribbon (MSR) samples of iron-based amorphous metals identified as: SAM40
(Fe52,3anCr19M02,5W1,7B16C4); SAM1651 (F€48CI'15M014B6C15Y2); and SAM1651 + 3
atomic percent tungsten, which is designated SAMS (Fess.6Cri4.6M0136W3BssCia6Y19).
All were found to be completely amorphous.

Thermal Stability. SAM1651 has a glass transition temperature of ~584°C, a
crystallization temperature of ~653°C, a melting point of ~1121°C, and a reduced glass
transition temperature of ~0.55. The critical cooling rate of SAMI1651 has been
determined to be < 80 K per second. The yttrium addition to this material was found to
lower the critical cooling rate, and to enhance glass-forming ability.

Hardness. Such materials are extremely hard, and provide enhanced resistance to
abrasion and gouges (stress risers) from backfill operations, and possibly even tunnel
boring. The hardness of HVOF SAM1651 ranges from 857 to 997 VHN (kg mm™) with a
300-gram load, and 907 to 1154 VHN with a 100-gram load.

Repassivation Potential. CP data for a wrought prism of nickel-based Alloy C-22, a drop-
cast ingot of iron-based SAM1651 amorphous metal, and a melt-spun ribbon of SAMS
(SAM1651 or SAM7 + 3 atomic percent tungsten), all obtained with SM CacCl, at 105°C
is shown in Figure 2. During this test, both SAM1651 and SAMS8 showed passive film
stability comparable to (or better than) that of wrought Alloy C-22. The addition of 3
atomic-percent tungsten to the SAM1651 enhanced the passive film stability, and also
yielded more ductile and damage-tolerant amorphous metal ribbons.

Breakdown Potential. Current transients were measured at various levels of constant
applied potential (100 to 800 mV vs. OCP) in seawater at 90°C, for a 600-grit polished
SAM1651 HVOF coating on Type 316L stainless steel (serial number E316L409), and
are shown in Figure 3. These measured transients are indicative of good passive-film
stability, which is comparable to that of wrought Alloy C-22. To eliminate the need for
surface roughness corrections in the conversion of measured current and electrode area to
current density, the SAM1651 coating was polished to a 600-grit finish prior to testing.
Passive film breakdown on the HVOF coating of SM1651 occurred at an applied
potential between 500 and 600 mV vs. OCP, with a clear loss of passivity at 700 mV. The
coating represented by this figure is one of the first known thermal spray coatings with
the SAM1651 composition.

Current transients were measured at various levels of constant applied potential (100 to
450 mV vs. OCP) in 5SM CacCl, at 105°C, for a polished SAM1651 HVOF coating on a
Type 316L stainless steel (serial number E316L.475), and are shown in Figure 4. Passive
film breakdown on the HVOF coating of SAM1651 occurred at an applied potential
between 360 and 400 mV vs. OCP, with a clear loss of passivity at 450 mV.

Potential-step testing in deaerated seawater heated to 90°C has been performed with
SAM1651 and Alloy C-22 thermal spray coatings, as well as wrought Alloy C-22, as



shown in Figure 5. In this series of experiments, passive film breakdown on wrought
Alloy C-22 occurred at a potential of approximately 600 mV above the open circuit
corrosion potential. Passive film breakdown on the SAM1651 HVOF coating occurred at
an applied potential between 500 and 600 mV, whereas breakdown on the Alloy C-22
HVOF coating occurred at approximately 400 mV. In near-boiling seawater, the passive
film stability of SAM1651 is comparable to that of wrought Alloy C-22, and superior to
that of Alloy C-22 HVOF coatings.

Potential-step testing has been performed on HVOF coatings of SAM1651 on Type 316L
stainless steel (serial number E316L475) in extremely aggressive SM CaCl, heated to
105°C, as shown in Figure 6. In this series of experiments, passive film breakdown on
wrought Alloy C-22 occurred at a potential of 240 mV above the open circuit corrosion
potential, with evidence of repassivation at potentials above 400 mV. Even with the
possible repassivation at higher potential, the window of vulnerability between 240 to
400 mV 1is problematic for the reference material. Passive film breakdown on the
SAM1651 HVOF coating occurred at a significantly higher applied potential, between
360 and 400 mV, whereas passive film breakdown on thermally sprayed Alloy C-22 was
virtually spontaneous. It is therefore concluded that the SAM1651 coating may provide
advantages for operation in hot concentrated chloride brines with aggressive divalent
cations such as calcium.

Corrosion Rates. Linear polarization was used to determine the approximate corrosion
rates of SAM1651 HVOF coatings and wrought nickel-based Alloy C-22 in three
relevant environments, natural seawater at 30 and 90°C, and in 5M CaCl, at 105°C.
Values of the corrosion potential and corrosion rate are summarized in Figures 7 and 9. In
seawater at 30°C, the corrosion rates of HVOF SAM1651 coatings exhibited comparable
to slightly higher corrosion rates than either wrought sample of Alloy C-22. As the
temperature of the seawater was increased to 90°C, the corrosion rates of HVOF
SAM1651 coatings exhibited comparable to slightly lower corrosion rates than either
wrought sample of Alloy C-22. In general, corrosion rates trended to higher values with
increasing temperature, as expected. In calcium chloride at 105°C, the corrosion rates of
HVOF SAMI1651 coatings were slightly lower than that of HVOF Alloy C-22; and
slightly greater than those of wrought Alloy C-22. In general, the corrosion rates
observed in the hot calcium chloride (105°C) were higher than those observed in the
heated seawater (90°C).

Salt Fog Resistance. Salt fog testing was conducted on several thermal spray coatings,
including HVOF coatings of Alloy C-22, Type 316L stainless steel, SAM40 (also
referred to as DAR40), SAM1651 and other amorphous-metal formulations of interest.
After 13 cycles in the GM9540P salt fog test, the HVOF coatings of Type 316L stainless
steel and SAM40 showed substantial corrosion. Very slight rust spots were observed on
the Alloy C-22 coating. In contrast, the SAM1651 formulation showed no corrosion at 30
cycles. The testing was continued to more than 54 cycles, with no evidence of corrosion
observed with SAM1651 and other amorphous-metal formulations of interest.



Conclusions

SAMI1651 has a low critical cooling rate (CCR), due to the addition of yttrium (Y), which
enables it to be rendered as a completely amorphous thermal spray coating. The yttrium
addition increases the viscosity of the alloy, thereby slowing the nucleation and growth
kinetics of crystalline phases. Unfortunately, such increases in viscosity also make this
material relatively difficult to gas atomize, with the powders having irregular shapes.
Such non-spherical particle morphology causes pneumatic conveyance of the SAM1651
powder during thermal spray operations to be difficult. The production of nearly
spherical gas-atomized SAMI1651 powder with acceptable flow characteristics has
required extensive process optimization.

The hypothesis that the corrosion resistance of Fe-based amorphous metals can be
enhanced through application of heuristic principles related to the additions of chromium,
molybdenum, tungsten and yttrium has been tested with SAMI1651 and SAMS
formulations, and found to have merit. Electrochemical tests show that passive film
stability comparable to that of nickel-based Alloy C-22 can be achieved with enhanced
Fe-based amorphous metals in SM CaCl, at 105°C and seawater at 90°C.

Thermal spray coatings produced with early Type 316L stainless steel, SAM35, SAM40,
SAM40X3 exhibited rusting after 13 cycles in the standardized salt fog tests. However,
dense and pore-free thermal spray coatings of SAM1651 showed no corrosion after more
than 54 cycles in standard salt fog tests.
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Figure 1 — This figure shows X-ray diffraction data for melt-spun ribbon (MSR) samples of

iron-based amorphous metals identified as: SAM40; SAM7, which is similar to SAM1651 and
SAMS.
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Figure 2 — Cyclic polarization testing with a SM CaCl, test solution at 105°C. Data obtained
with a melt-spun ribbon of SAM8 (SAM1651 + 3 atomic percent tungsten), a drop-cast ingot of
iron-based SAM1651, and a wrought prism of nickel-based Alloy C-22 are compared.
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Figure 3 — Current transients were measured at various levels of constant applied potential (100
to 800 mV vs. OCP) in seawater at 90°C for a 600-grit polished SAM1651 HVOF coating on
Type 316L stainless steel (serial number E316L409).
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Figure 4 — Current transients wee measured at various levels of constant applied potential (100
to 450 mV vs. OCP) in 5M CaCl, at 105°C, for a polished SAM1651 HVOF coating on a Type
316L stainless steel (serial number E3161L475).
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SAM1651 and Alloy C-22 thermal spray coatings, as well as wrought Alloy C-22.
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Figure 6 — Potential-step testing has been performed on HVOF coatings of SAM1651 on Type
316L stainless steel (SN # E3161L.475) in extremely aggressive SM CaCl, heated to 105°C.



Comparison of Corrosion Potential
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Figure 7 — The corrosion potentials for the thermal spray coatings of SAM1651 and the
reference material (wrought nickel-based Alloy C-22) in three relevant environments, Half Moon
Bay seawater at two temperature levels, and in hot concentrated calcium chloride (SM CaCl, at
105°C) are summarized.

Comparison of Corrosion Rates Determined with Linear Polarization
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Figure 8 — Values of the polarization resistance were converted to corrosion rates for the thermal
spray coatings of SAMI1651 and wrought nickel-based Alloy C-22 in three relevant
environments, natural seawater at 30 and 90°C, and in 5SM CaCl, at 105°C.





